Abstract Background and aims-Individuals with atherosclerosis and stiffness often have increased abdominal aortic diameters, but prospective evidence linking them to the risk of abdominal aortic aneurysm (AAA) is limited.
INTRODUCTION
Abdominal aortic aneurysms (AAA) affect about 1% to 2% of the general population aged ≥50 years in the US [1, 2] . According to the most recent estimates, AAA rupture causes about 2,446 deaths annually in the US [3] . Thus, AAA is an important public health concern.
There is a debate about whether atherosclerosis is a cause of AAA [4] . Prospective cohort studies have suggested that traditional risk factors for atherosclerotic disease, including smoking, hypertension, dyslipidemia, advanced age, male gender, and some inflammatory and hemostasis biomarkers, are associated with a higher risk of AAA [1, [4] [5] [6] [7] [8] [9] . In addition, angiotensin-2, endothelin-1, and measures of oxidative stress, which are involved in the development of atherosclerotic diseases, are associated positively with the risk of AAA [10] [11] [12] . In contrast, some risk factors for atherosclerosis, such as type 2 diabetes, may decrease the risk of AAA [13] . Pathologically, atherosclerosis is widespread throughout the vasculature [14] , while aortic aneurysms occur only in specific locations of the body such as the abdominal aorta. Moreover, atherosclerosis primarily forms in the intima while AAA primarily affects the media and adventitia [14] . The most recently released guideline by the US Preventive Service Task Force stated that atherosclerosis was a risk factor for AAA [15] ; however, literature reviews included in this guideline to support the statement were based on cross-sectional data for abdominal diameter among patients free of AAA [15, 16] .
Current knowledge gaps regarding the determinants of AAA are due to limited evidence. Epidemiologic data on atherosclerosis and AAA are sparse; only one population-based study, to date, has examined the relation between subclinical markers of atherosclerosis and maximal abdominal aortic diameter [17] . Data on the relation between arterial stiffness and AAA are also limited [18, 19] . To better understand the possible relationship of generalized measures of atherosclerosis and arterial stiffness with AAA occurrence, we analyzed data collected from a large population-based cohort study with over 20 years of follow-up. We hypothesized that greater baseline carotid intima-media thickness (cIMT) and carotid plaque, and reduced carotid artery distensibility are associated with higher incidence of AAA.
MATERIALS AND METHODS

The ARIC Study
The ARIC study was designed to investigate risk factors for atherosclerosis and its clinical sequelae [20] . The ARIC investigators recruited a population-based cohort comprising 15,792 men and women aged 45-64 from four communities (Washington County, MD; Forsyth County, NC; Jackson, MS; and suburban Minneapolis, MN) in 1987-1989 (Visit 1). ARIC conducted follow-up examinations in 1990-92 (Visit 2), 1993-95 (Visit 3), 1996-98 (Visit 4), and 2011-13 (Visit 5). ARIC administered a telephone interview annually or semiannually to ask about any interim hospitalizations or deaths and these records were sought to identify cardiovascular events including AAAs. To identify additional hospitalizations or deaths, ARIC also conducted surveillance of local hospital discharge lists for cohort members. For each hospitalization identified, all International Classification of Disease (ICD) -9 -CM discharge and procedure codes were recorded, and for deaths, the ICD-9 or ICD-10 codes for the underlying cause were recorded. Additionally, ARIC linked participant identifiers with Medicare data from the Centers for Medicare and Medicaid Services (CMS), since 1991, to find any missing hospital or outpatient events for participants over 65 years.
Ascertainment of clinical AAA
Participants reporting prior AAA surgery or aortic angioplasty at baseline were excluded from all analyses. Clinical AAAs were ascertained since the baseline examination through 2011, defined as either a hospital discharge diagnosis from any sources or two Medicare outpatient claims that occurred at least one week apart, with ICD-9-CM codes of 441.3 (ruptured AAA) or 441.4 (AAA without mention of rupture), or procedure codes of 38.44 (AAA resection and replacement) or 39.71 (AAA endovascular repair) or a listed cause of death coded as ICD-9 441.3 or 441.4, or ICD-10 code I71.3 (ruptured AAA) or I71.4 (AAA without mention of rupture) [9] . Both symptomatic and asymptomatic AAAs that were medically documented were included. Thoracic, thoracoabdominal, or aortic aneurysms at unspecified locations were not deemed to be AAA events in this study.
Risk factor assessment
At Visits 1 and 2, ARIC measured cIMT bilaterally in the extracranial carotid arteries, namely in the common carotid artery (1 cm proximal to the dilatation of the carotid bulb), the carotid bifurcation (1 cm proximal to the flow divider), and the internal carotid artery (1 cm distal to the flow divider). In each 1-cm section, there were up to 11 measurements (along the far wall) at 1-mm intervals [21] . For each visit, the mean cIMT was calculated by averaging all measures (far wall) from the six carotid sites (Supplemental Fig. 1 ). A previous study reported that in ARIC between-reader reliability coefficients for cIMT ranged from 0.78 to 0.93 and coefficients of variation ranged from 13.1% to 18.3% [22] . ARIC ultrasound readers recorded the presence of atherosclerotic plaque at any of the 6 segments, defined as wall thickness more than 1.5 mm or the presence of lumen encroachment, irregular intimal surface, and/or image characteristics indicative of structural heterogeneity of the arterial wall.
In the carotid ultrasound examination at Visit 2, the carotid arterial systolic and diastolic arterial diameters were measured with an ultrasonic echo-tracking radiofrequency device (Autrec 4881-AWT, Winston-Salem, NC) [23] . A diameter change was calculated to represent change in arterial diameter between systole and diastole from the left common carotid artery during cardiac cycles. Concurrently, two brachial blood pressures were measured with an automated oscillometric device (1846SX Dinamap, Critikon, Inc., Tampa, FL), and the mean of the two blood pressure measures was used in calculating arterial stiffness indices. Based on the ultrasound and blood pressure measures, Beta Index was generated as a stress-strain ratio representing carotid artery distensibility [23] . Beta Index was calculated as log (systolic blood pressure/diastolic blood pressure)/(arterial diameter change/diastolic arterial diameter). A higher Beta Index indicates less carotid distensibility.
In home interview and clinical examinations at Visits 1 and 2, standardized questionnaires were used to obtain information on demographics, lifestyle risk factors including smoking history, medication use, and medical history. Smoking status was categorized as never, former (more than 100 cigarettes in the past), or current smoker at each visit [24] . Smoking pack-years were calculated among the current and former smoker groups, based on the number of cigarettes per day and duration of smoking. Height was measured without shoes to the nearest centimeter at Visit 1. Weight was measured in a scrub suit to the nearest pound using a beam balance scale at Visits 1 and 2. Body mass index was calculated by dividing weight (in kilograms) from the corresponding Visit by height (in meters) squared from Visit 1. At both visits, systolic and diastolic fifth phase blood pressures were measured three times after a 5-minute rest in the right arm of seated participants by certified technicians using random zero sphygmomanometers. The mean of the last two measurements was used in analysis. Prevalent hypertension was defined as systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg or use of antihypertensive medications. Blood specimens were collected into vacuum tubes, centrifuged at 3000g for 10 minutes at 4°C, and then stored at −70°C until analysis within a few weeks. Serum glucose was assessed by the hexokinase method [25] . Prevalent diabetes mellitus was defined as a fasting glucose ≥126 mg/dL, a nonfasting glucose ≥200 mg/dL, and/or a history of or treatment for diabetes. Plasma total cholesterol was measured by enzymatic methods [26] . HDL cholesterol was measured after dextran-magnesium precipitation [27] . At Visit 1, white blood cells were counted with Coulter counters [8] , and fibrinogen was measured by the thrombin-time titration method with reagents and calibration materials (Fibriquik) obtained from General Diagnostics (Organon-Technika Co) [28] .
Statistical analyses
We included ARIC participants who had carotid ultrasound measures at ARIC Study Visits 1 or 2 (n = 15,671), all of whom were then followed for clinical AAA status. For the analysis of cIMT and plaque, we excluded 55 participants who were in race groups other than white or black or blacks in Minneapolis or Washington County, 11 who had prior AAA surgery, and 30 with uncertain AAA status during follow-up. We further excluded 1,002 participants without measurement of cIMT, leaving a final sample size of 14,573. For the analysis of Beta Index which was measured at Visit 2 only, we excluded from 14,348 participants of baseline population 91 who were in race groups other than white or black or blacks in Sensitivity analysis-Given that there was no ultrasound examination available to identify prevalent AAAs at baseline, to address the possibility of reverse causality, we performed a secondary analysis by excluding AAAs who were ascertained during the first 10 years of follow-up. Since Medicare outpatient claims have unknown validity in the diagnosis of AAA, we also performed a sensitivity analysis by excluding outpatient AAAs which were not verified by hospitalization records, death records, or the ultrasound exam. Additional sensitivity analyses included further adjustment for Visit 1 fibrinogen or white blood cell count, which were associated with AAA in ARIC [8] . We performed another sensitivity analyses by further adjusting for body mass index, waist circumference, diastolic blood pressure, alcohol intake, and plasma triglycerides in the fully adjusted models. Moreover, we conducted the following analyses to account for competing risk of atherosclerotic cardiovascular disease and death: a) excluded prevalent coronary heart disease, stroke, and myocardial infarction at baseline; b) used a cause-specific Cox regression model where each participant was classified as either an AAA event, censored, or a cardiovascular disease event, whichever occurred first; the time to the first event-either an AAA or another cardiovascular event-was considered the failure time; c) repeated analysis b) using death instead of cardiovascular event [29, 30] . Finally, we included cIMT and Beta Index simultaneously in the fully-adjusted models to evaluate the independence of these two indices in their associations with AAA. SAS (Version 9.4, SAS Institute Inc., Cary, NC, USA) was used in all analyses.
RESULTS
Baseline description
At Visit 1 in 1987-1989, the mean age of this ARIC sample (N=14,573) at risk of AAA was 54.2 years (SD 5.8); 45% were male and 73% were white. Approximately 34.2% of participants had carotid plaque. As shown in Table 1 , on average, participants in the higher quartiles of cIMT were older, more often male, non-white, current/former smokers, hypertensive, diabetic, had carotid plaque, had lower levels of high-density lipoprotein cholesterol, and had higher levels of weight, body mass index, total cholesterol, systolic/ diastolic blood pressure, fibrinogen, white blood cell count, and Beta Index (all p for trend < 0.0001). The pattern of risk factor associations with Beta Index at Visit 2 was similar to that for cIMT with the exception that white blood cell count was not associated with Beta Index and smoking was inversely associated with Beta Index (Supplemental Table 1 ). higher risk of incident clinical AAA than those without a plaque in the fully adjusted model (Table 3) .
Carotid atherosclerosis in relation to AAA
Carotid artery distensibility in relation to AAA
Consistent with the pattern shown on the Kaplan-Meier curves (Supplemental Fig. 2B ), there was a positive association between Beta Index quartiles and clinical AAA in the fully adjusted model (p for trend 0.006); participants in the highest quartile of the Beta Index (>13.05), indicating less carotid distensibility, had 1.68 (95% CI: 1.16, 2.43) times higher risk of incident clinical AAA compared to those in the lowest quartile ( Table 4 ).
The above associations for all of the three carotid measures did not differ significantly by sex or race (all p for interactions > 0.05, data not shown).
Sensitivity analyses
The associations of AAA with cIMT, carotid plaque, and Beta Index were similar in our sensitivity analysis after excluding AAAs occurring in the first 10 years of follow-up. 
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Author Manuscript verified by hospitalization/death records or ultrasound exam; additionally adjusting for white blood cell count, fibrinogen, waist circumference, body mass index, diastolic blood pressure, triglycerides, or alcohol intake did not materially change the associations of any of the three carotid measures with AAA risk (data not shown). In the competing risk analyses, consistent results were observed after accounting for the competing risk of cardiovascular events or death; the associations became slightly stronger after excluding prevalent cardiovascular disease at baseline (data not shown). Furthermore, in the fully adjusted model, the associations of cIMT and Beta Index with AAA risk remained significant with mutual adjustment for each other (Supplemental Table 2 ).
DISCUSSION
This population-based prospective study showed that carotid atherosclerosis as represented by greater cIMT or presence of plaque and carotid stiffness as represented by reduced carotid artery distensibility were associated with higher risk of clinically detected, incident AAA. Our findings indicate that persons with carotid atherosclerosis or 'stiff' carotid arteries are at a higher risk for AAA than those without these conditions. This information might be useful in consideration of a prediction model to identify high risk individuals for AAA screening.
Although an atherosclerosis-AAA association has not been directly documented in previous epidemiological studies, a dose-response relationship between atherosclerosis as reflected by carotid total plaque area and maximal abdominal aortic diameter was reported in a crosssectional survey including Norwegians aged 55 to 74 years with and without AAA [31] . A follow-up study of 2,019 persons in that sample showed that one-standard-deviation increase in carotid plaque area was associated with 0.12 mm concurrent growth in average infrarenal aortic diameter over 6-7 years (including 130 AAAs) [17] . In contrast, our study prospectively examined the association between baseline carotid ultrasound and a large number of incident AAAs ascertained over two decades. Our findings suggest that subclinical carotid atherosclerosis is a risk marker for clinical AAA. Although any biological link is indirect, because we assessed atherosclerosis in the carotids, not the abdominal aorta, it is well known that atherosclerosis is typically widespread throughout the vasculature [14] . Therefore, the association observed in our study likely reflects a relation between general atherosclerosis and AAA occurrence.
With regard to our findings that AAA is more likely to occur in the presence of subclinical atherosclerosis, data from animal studies have shown that aortic aneurysms often form after prolonged exposure to atherogenic conditions reflected by aortic atherosclerotic plaque [32] . Atherosclerotic plaques in the aortic wall include matrix fibers, and the expansion of plaques may simultaneously dilate and weaken aortic walls that support mural tension, potentially leading to aneurysmal enlargement [32] . Studies have demonstrated that atherosclerosis, although initially occurring in the intima, promotes the dilation or shrinkage of the tunica media and adventitia; this in turn aggravates luminal obstruction and promotes vascular remodeling via a disturbance in the synthesis and degradation of matrix proteins [33, 34] . In addition, atherosclerotic plaques may be associated with later arterial dilation [35] . On the other hand, atherosclerosis clearly is not necessary for AAA formation. AAA can form with toxic exposure to smoking, or for instance, with hypertension, Marfan's syndrome, Chlamydia pneumoniae infection, or syphilis [36] . Thus, a link between atherosclerosis and AAA is largely supported by physiological data but further pathological and epidemiological evidence is warranted to establish a causal relationship.
On the other hand, it may be that both atherosclerosis and AAA are the result of common risk factors or a common genetic predisposition (pleiotropy), and there is no direct pathophysiological connection of atherosclerosis with AAA. We adjusted for many AAA risk factors, but residual confounding may be present from measurement error in those risk factors or from failure to adjust for unrecognized or unmeasured AAA risk factors.
Concerning arterial stiffness and AAA, in vivo studies have shown a greater stiffness of dilated or aneurysmal aortic walls in AAAs [37, 38] . As the pathogenesis of AAA is related to an alteration in systemic connective tissue metabolism, change in wall stiffness may occur in the rest of the vascular system, such as the carotid arteries, of AAA patients [39] . So far, only a small cross-sectional, hospital-based study reported that patients with AAA had a higher carotid artery Beta Index than did those without AAA [18] . In addition, carotid stiffness has been positively associated with abdominal aortic diameters both in AAAs and non-AAAs [40, 41] . To our knowledge, our study is the first investigation showing that greater carotid stiffness is prospectively associated with higher risk of AAA in the general population. Findings from our study as well as the previous studies suggest that carotid stiffness index is a risk marker of AAA.
The inverse association between smoking (collected in 1990-92 at Visit 2) and Beta Index, suggesting that smoking is associated with more distensible carotid arteries, was unexpected. A possible explanation is that some participants who had a more severe cardiovascular risk factor profile at Visit 1 may have stopped smoking around the Visit 2 exam. For example, we noticed that participants with prevalent hypertension smoked less compared to those without hypertension in ARIC Visit 2 (ever smoker 57% vs. 60%; p for difference <0.001); a similar pattern was also observed for prevalent diabetes (ever smoker 56% vs. 59%; p for difference <0.001). Future research is warranted to clarify this issue.
The strengths of our study include the prospective design, high quality measurements of exposures and outcomes, and a large sample size with a large number of incident AAAs. Nonetheless, the following limitations should be acknowledged when interpreting our results. First, misclassification may have occurred. Misclassification in the carotid ultrasound measures would likely have been non-differential with respect to AAA status given the prospective design of our study. Misclassification in the AAA outcomes would also likely have been non-differential, since staff who ascertained AAAs in ARIC were blinded to the exposure status. Non-differential misclassifications most likely would have diluted the estimates of association between AAA and exposures. Second, as noted above and as in other observational studies, residual confounding cannot be eliminated. Third, the clinical AAAs were ascertained based on ICD codes, and thus included both symptomatic and medically documented, asymptomatic AAAs. Finally, since there was no baseline ultrasound exam for AAA, we cannot verify that atherosclerosis and carotid stiffness always preceded incident AAA. However, participants who had AAAs through ARIC Visit 5 were likely free of AAA when they were aged 45-64 years at baseline considering the low prevalence of AAAs in that age group (about 1.8% in men and 0.2% in women) [42] . Our sensitivity analysis excluding clinical AAAs ascertained within 10 years of baseline showed similar results to our main analysis.
In conclusion, this large, population-based cohort study, with more than 20 years of followup, showed that carotid atherosclerosis and stiffness were associated positively with future risk of AAA, independent of traditional risk factors for atherosclerosis and AAA. The association likely reflects the underlying link between general atherosclerosis, arterial stiffness, and AAA or the impact of risk factors common to AAA and these conditions.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
HIGHLIGHTS
Findings of this report were based on a large, population-based cohort study with more than 20 years of follow-up.
Carotid atherosclerosis was associated with increased risk of clinical abdominal aortic aneurysms (AAA)
Low carotid distensibility was also associated with increased risk of clinical AAA 
